Objective: We investigated circulating markers of bone turnover before and during systemic glucocorticoid treatment in paediatric patients with inflammatory bowel disease (IBD). Methods: Twenty-two children (mean age, 12.3 years) with IBD necessitating peroral steroid therapy were studied, with special reference to bone formation and resorption markers amino-terminal type I collagen propeptide (PINP) and carboxyterminal telopeptide of type I collagen (ICTP) respectively. In addition, GH-related IGF-I and sex hormone-binding protein (SHBG) were measured. Bone markers were analyzed at the initiation of the glucocorticoid treatment, at 2 and 5 weeks thereafter and at 1 month following the withdrawal of the steroid. Control group comprised 22 IBD patients in remission.
Introduction
Glucocorticoids have been an established part of the medical treatment of inflammatory bowel disease (IBD) since the 1950's, when it was first realized that these drugs improve survival (1) . Since the early days, the clinical practice in glucocorticoid therapy has remained much the same (2) . It is estimated that 60-80% of IBD patients benefit from the treatment, but the factors leading to inadequate response are poorly understood (3, 4) . Consequently, there are no means to predict the probable response of an individual in advance. Glucocorticoid responsiveness may be genetically determined but the exact molecular mechanisms behind the development of harmful side effects are still obscure (5, 6) . The most common side effects include sleep disturbances, development of moon-face, abdominal distention, growth arrest and decrease in bone mineral density (6) . Occasionally vertebral fracture may appear, resulting from high glucocorticoid exposure, increased sensitivity to administered steroids or both (7) .
The effects glucocorticoid treatment and the underlying disease have on bones can be assessed indirectly by measuring the circulating markers of bone turnover and metabolism (8, 9) . The formation of type I collagen, the main component of bone organic matrix, is reflected in serum levels of amino-terminal (PINP) and carboxyterminal type I procollagen propeptides that are cleaved from both ends of the molecule (10, 11) . The carboxyterminal telopeptide of type I collagen (ICTP), instead, is a degradation product of type I collagen and as such measures bone resorption (12) .
Growth hormone (GH) is an important determinant of bone health in paediatric patients. GH exerts its effects both directly and through insulin-like growth factors I (IGF-I) and II and the IGF binding proteins 1-6 (13, 14) . Circulating IGF-I has an important role in the acquisition of peak bone mass and the GH-IGF system is vital for optimal bone accrual and linear growth (15) . In humans, GH also indirectly regulates circulating levels of sex hormone-binding protein (SHBG), the transporter of sex hormones (16) . However, SHBG also acts as an independent predictor of bone turnover rate in adults (17) . In children, the relationship between SHBG and bone turnover has not been addressed.
In this study, we assessed the effect of glucocorticoid intake on acute changes in bone formation and resorption markers in parallel with the markers of inflammation in paediatric patients with IBD.
Materials and methods

Subjects
The study group comprised 22 children and adolescents with IBD (mean age, 12.3 years; age range, 3.6-18 years, Table 1 ), necessitating peroral steroid therapy due to the acute exacerbation of the disease. The children had previously undergone gastrointestinal endoscopies and had their diagnosis settled according to the Lennard-Jones criteria (18) . They were prospectively enrolled to the study from the Outpatient Clinics for Paediatric Gastroenterology at the University Hospitals of Helsinki and Tampere. Inclusion criteria were age %18 years, no steroid therapy for at least 1 month prior to the study. The glucocorticoid bioactivity (GBA) in these patients has been published (19, 20) .
The treatment was started with peroral prednisolone (1 mg/kg per d, nZ19) or budesonide (9 mg/d, nZ3) according to the clinician's decision. During the course of the therapy, the dose was tapered according to standard clinical practice. The patients were clinically examined at the start of the study, at 2 and 5 weeks after starting the steroid, and at 1 month after the cessation of the glucocorticoid. Therapeutic response was defined according to clinicians' judgment of clinical improvement (decrease in stool rate and the amount of blood in the stools as well as abating diarrhoea) and decrease in the inflammatory markers during the first 2 weeks of steroid therapy. Special attention was paid to acute (appearing during the first month of the treatment) glucocorticoidrelated side effects: weight gain, development of moonface, striae or acne. The development of side effects and therapeutic response were both graded with a two-grade scale (yes/no side effects, good/poor response). Three patients with Crohn's disease (CD) were included in the study, for they presented primarily with colitis. Before glucocorticoid treatment, 16 patients received 5-aminosalicylic acid (5-ASA), two patients both azathioprine and 5-ASA, one patient antibiotics and 5-ASA, one patient only antibiotics and two had no medication due to hypersensitivity reactions.
Control group
Twenty-two age, sex, pubertal maturation and disease subtype matched children and adolescents with IBD in remission comprised the control group ( Table 1) . None of these children had been on glucocorticoid therapy during the preceding 2 months at minimum. Their maintenance medication was similar to that in the patient group: 17 controls received 5-ASA, three patients received both azathioprine and 5-ASA and two had no medication due to adverse reactions.
Laboratory analyses
At the start of the glucocorticoid therapy, at 2 and 5 weeks thereafter, and at 1 month after discontinuing the glucocorticoid, a venous blood sample was drawn between 1100 and 1500 h. The analyses carried out in a clinical laboratory included blood count, blood haemoglobin concentration and erythrocyte sedimentation rate (ESR). Serum N-terminal propeptide of type I procollagen (PINP) and C-terminal telopeptide of type I collagen (ICTP) were measured with UniQ radioimmunoassays (Orion Diagnostica Oy, Espoo, Finland) that have intra-and interassay coefficients of variation (CV) of !10.2% for PINP and !9.4% for ICTP respectively. Serum sex-hormone binding globulin (SHBG) was quantified with a time-resolved immunofluorometric assay (AutoDELFIA, Wallac, Turku, Finland) with intraassay CVof !1.8% and interassay CVof !10.1%. Serum IGF-I was measured with an immunochemiluminometric assay on the IMMULITE 2000 analyzer (DPC, Los Angeles, CA, USA) with inter-assay CV of !4% and total CV of !9% in the range of 10-180 nmol/l. Faecal calprotectin was measured with an enzyme immunoassay (Phical test; Calpro AS, Oslo, produced by NovaTec Immunodiagnostica, Dietzenbach, GmBH, Germany) as previously described (21) . Serum GBA levels were obtained from previous work (19, 20) .
Statistical analysis
Values are expressed as median (range). Mann-Whitney's U test, Kruskal-Wallis test, Wilcoxon's signed rank sum 
Ethical considerations
The families were thoroughly informed about the study, and a written informed consent was obtained from the patient and their guardians. The study protocol was approved by the ethics committee for the Hospital for Children and Adolescents, University of Helsinki and the ethics committee of Tampere University Hospital, Tampere, Finland.
Results
Type I collagen markers reflecting bone formation (PINP) and resorption (ICTP)
In children with active IBD, the median serum PINP before glucocorticoid treatment was significantly lower than in the control children with IBD in remission (for values, see Table 2 ). Serum PINP levels declined by 40% already at 2 weeks after glucocorticoid therapy (Table 2) . One month after the cessation of the steroid the PINP levels were significantly higher than the pretreatment levels in active IBD and similar to the levels of the children with IBD in remission ( Table 2) . In active IBD, serum PINP correlated with serum ICTP (before glucocorticoid therapy: rZ0.459, nZ22, P!0.05).
There was an inverse correlation with pre-treatment serum PINP and the inflammatory markers of IBD, faecal calprotectin (rZK0.550, nZ15, P!0.05) and ESR (rZK0.672, nZ20, P!0.01). During glucocorticoid treatment no correlations were found between PINP and ICTP, GBA or the inflammatory markers (rZK0.443-0.388, PZ0.091-0.705). The development of glucocorticoid related side effects or the response to treatment were not related to serum PINP (data not shown). Further, the PINP levels were similar between ulcerative colitis (UC; 276 mg/l, 88-849, nZ19) and CD (156 mg/l, 118-443, nZ3, PZ0.36).
PINP levels did not differ between patients at different pubertal stages (Tanner I 285 mg/l, 118-849; Tanner II and III 296 mg/l, 200-534; Tanner IV and V 243 mg/l, 88-711, PZ0.61).
The median ICTP level of the children with active IBD before glucocorticoid treatment was not significantly different from the children with IBD in remission ( Table 2) . During the steroid therapy, the ICTP levels declined by 40% and after therapy rose to a higher level than before treatment ( Table 2 ). The pre-treatment ICTP levels in UC and CD patients were 14.3 (7.6-26.3, nZ19) mg/l and 10.8 (8.7-14.1, nZ3, PZ0.13) mg/l respectively. Serum ICTP levels were not related to serum GBA levels, to the development of acute glucocorticoid related side effects, response to treatment or pubertal maturation (data not shown).
Changes in serum IGF-I and SHBG
The median IGF-I level prior to glucocorticoid therapy was significantly lower in children with active IBD than in the control children with IBD in remission ( Table 2 ). In contrast to other markers, the levels of IGF-I rose by 60% during glucocorticoid therapy and after treatment decreased to a level similar to the controls (Table 2) . However, post-treatment values remained higher than before treatment. The IGF-I levels did not differ between UC and CD patients (24 vs 21 nmol/l, PZ0.59). Pre-treatment IGF-I correlated positively with patients' weight (rZ0.805, nZ22, P!0.001), height (rZ0.732, nZ22, P!0.001) and BMI (rZ0.776, nZ22, P!0.001). In pre-pubertal patients, the median IGF-I was 9 nmol/l (3-21, nZ7), the levels rose with advancing pubertal stages (Tanner II and III 23 nmol/l, 9-26, nZ5; Tanner IV and V 31.5 nmol/l, 21-37, nZ10 respectively, P!0.01). The markers of inflammation or bone metabolism, PINP and ICTP, did not correlate with serum IGF-I (rZK0.410-0.222, PZ0.07-0.93) during the study. Response to glucocorticoid treatment, acute glucocorticoid related sideeffects or serum GBA levels did not relate to serum IGF-I (data not shown).
Before the onset of the glucocorticoid therapy the median serum SHBG levels were similar between Table 2 The markers of bone turnover and metabolism in 22 paediatric patients with active inflammatory bowel disease (IBD) treated with peroral glucocorticoids, and in 22 age-and sex-matched controls with IBD in clinical remission. children with active IBD and children with IBD in remission ( Table 2) . During steroid treatment, SHBG levels declined by 40% and after therapy returned to pre-treatment levels. In active IBD, SHBG correlated positively with PINP (rZ0.438, nZ22, P!0.05) and inversely with serum IGF-I (rZK0.585, nZ22, P!0.01). By contrast to IGF-I levels, there was an inverse correlation between SHBG and body measures: weight (rZK0.686, nZ22, P!0.001), height (rZK0.746, nZ22, P!0.001) and BMI (rZK0.424, nZ22, P!0.05).
Active IBD Controls
The clinical course, glucocorticoid treatment and GBA levels
Before the onset of the glucocorticoid treatment in this study, 11/22 patients with active IBD had previously received steroid therapy, either with prednisolone or budesonide. The median wash-out period of the previous steroid therapy was 4 (1-25) months. After the start of peroral glucocorticoid, no therapeutic changes were made before the first control visit at 2 weeks of glucocorticoid treatment. At 2 weeks, the median cumulative dose of prednisolone was 14 mg/kg. GBA changed along with the glucocorticoid therapy as previously reported (19, 20) . The median duration of the steroid therapy was 6 (2-29) months but the cumulative doses during the total treatment period were not registered. Post-treatment samples were obtained after a median of 1.5 (1-3) months. Of the 21/22 patients who were tapered off steroids, 18 were in clinical remission at this time point and the markers of disease activity had decreased from pre-treatment values, faecal calprotectin from 1610 (23-11 512) to 844 (70-2920) mg/g (nZ14, PZNS) and ESR from 29 (6-81) to 13 (4-50) mm/h (nZ18, P!0.01).
Discussion
We found that the serum PINP levels reflecting bone formation were significantly lower in patients with active IBD before treatment as compared with IBD controls in clinical remission, a phenomenon potentially attributable to the inhibitory effect of the inflammatory cytokines on bone formation (22) . This is supported by the negative correlation between ESR/faecal calprotectin and serum PINP levels in our study and the fact that steroid-naive IBD patients may present with osteoporosis (23, 24) . Additionally, in active disease other factors such as nutrition or physical inactivity leading to reduced loading of the bones may also contribute to the low PINP levels (25) . During the glucocorticoid therapy serum PINP levels decreased further, and after treatment were significantly higher than at baseline. Thus, glucocorticoids appear to affect bone formation in a biphasic fashion with an acute suppressive effect during high circulating GBA levels (19) , followed by an increased rate of bone formation after the cessation of the glucocorticoid therapy. Pre-treatment serum PINP and SHBG correlated positively, suggesting a possible link between SHBG and osteoblast function in paediatric patients with IBD. A positive correlation between SHBG and the markers of bone metabolism has been reported earlier in young men (17) . As SHBG is negatively regulated by the GH/IGF-I system, it is yet to be defined whether the SHBG levels merely mirror their effect on bone metabolism or possibly act directly, for example through the putative SHBG receptor (26) .
In children the study protocols have not specifically addressed the change of IGF-I levels during steroid therapy (25, 27) . As IGF-I levels parallel the markers of bone metabolism in adults, however, we hypothesized that this could be seen also in paediatric IBD patients (17) . This was not the case, as serum IGF-I levels did not correlate with the markers of bone formation or resorption either before, during, or after the glucocorticoid treatment. Before therapy the IGF-I levels were low in children with active IBD, consistent with previous studies (25, 27) . During the glucocorticoid therapy serum IGF-I levels showed an upward trend completely opposite to other markers related to bone turnover and declined only after the cessation of the steroid. These changes could be explained by the anti-inflammatory effect of the steroid or by improved nutritional status (28) . However, the exact mechanism of action through which steroids increase the IGF-I levels is still to be defined (29) .
Serum ICTP levels reflecting bone resorption displayed a steep decline during the first weeks of steroid therapy, suggesting decreased bone degradation. In literature, the reported effects of glucocorticoids on bone resorption are inconsistent. Some authors have shown glucocorticoid-induced inhibition of bone resorption in vitro and no change or a downward trend in the markers of bone resorption in vivo (30, 31) . Others have reported prolonged survival of osteoclasts and increased expression of osteoclastogenesis-promoting agents in response to glucocorticoids (32, 33) . However, prolonged glucocorticoid administration is associated with a risk of osteoporosis (34), a finding reflecting a negative net balance in collagen turnover.
The limitations of this study are the relatively small sample size and somewhat heterogenous study group with regard to aetiology of IBD. Thus, our results might be best applied to paediatric patients with UC. Data on the vitamin-D status and calcium intake of these patients might have been informative with respect to the bone marker levels; unfortunately these data were not available. Our focus was on the acute effects that glucocorticoids have on bone marker levels and therefore the patients were followed-up only for a couple of weeks, a time period too short to detect clinically significant changes in growth velocity. However, the results were compared with pubertal stage matched patients with IBD in remission. Despite these limitations, our results show clear impairment of bone turnover during glucocorticoid therapy.
In conclusion, our study shows that bone formation in children with active IBD is compromised but remission is characterized by an increase in bone turnover and metabolism. Administering systemic glucocorticoids to paediatric IBD patients has an acute suppressing effect on bone turnover and metabolism that persists until the withdrawal of the steroid.
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